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applications in the United States. We calculate the location-specific 
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biochar increases yields over 20 years. In addition to the potential benefit 
of higher revenue for farmers, biochar applications also have policy 
implications if biochar production is combined with bio-fuel production 
or used to reduce greenhouse gas emissions from indirect land-use 
change. Thus, the results are then combined with an agricultural outlook 
model to determine the effects on global land-use change and net carbon 
emissions. Our results indicate that biochar application is most profitable 
for croplands in the Southeast U.S. due to the combination of high yield 
increases and availability of biomass to produce biochar. An increase in 
U.S. yields above trend by 1% for corn, soybeans, ad wheat would 
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Biochar has the potential to increase crop yields when applied to agricultural land. We integrate6
agronomic and economic simulation models to determine the expected yield increase from7
biochar applications in the United States. We calculate the location-specific willingness to8
pay of U.S. farmers to apply biochar to their cropland if biochar increases yields over 209
years. In addition to the potential benefit of higher revenue for farmers, biochar applications10
also have policy implications if biochar production is combined with bio-fuel production or11
used to reduce greenhouse gas emissions from indirect land-use change. Thus, the results are12
then combined with an agricultural outlook model to determine the effects on global land-13
use change and net carbon emissions. Our results indicate that biochar application is most14
profitable for croplands in the Southeast U.S. due to the combination of high yield increases15
and availability of biomass to produce biochar. An increase in U.S. yields above trend by16
1% for corn, soybeans, and wheat would decrease net total global emissions by 25-87 Tg of17
CO2-equivalent.18
1 Introduction19
Avoiding irreversible climate change requires a major reduction in anthropogenic greenhouse gas20
(GHG) emissions (IPCC, 2013). Agriculture and forestry (including both direct and indirect land-21
1
use effects) are responsible for approximately 25% of global anthropogenic GHG emissions (IPCC,22
2014). Two possible mitigation options applicable to agriculture and forestry are (1) avoiding23
cropland expansion into pastures and forests and (2) increasing the amount of carbon sequestered24
in soils and standing vegetation. Applying biochar to agricultural soils is one means of addressing25
both options. Biochar additions can increase crop yields above the long-term trend and thus, reduce26
the amount of land necessary for a given production quantity while at the same time increase soil27
carbon sequestration (Galinato et al., 2011; Kauffman et al., 2014; Dang et al., 2015). Biochar has28
been identified as a supply-side mitigation option with a high technical mitigation potential, i.e.,29
more than 10 Mg CO2-equivalent (CO2-e) ha−1 year−1 (IPCC, 2014).30
Biochar is produced in combination with bio-oil and producer gas through the pyrolysis of cel-31
lulosic biomass from residues (e.g., agricultural or forestry) and dedicated bioenergy crops (e.g.,32
switchgrass or miscanthus). Bio-oil can be stabilized (for example by adding ethanol) and sold as33
fuel oil or refined to produce fermentable sugars, bio-asphalt, liquid transportation fuels, and other34
products (Yoder et al., 2011; Kauffman et al., 2014). Biochar has several positive characteristics35
if used as a soil amendment such as improving soil water retention, enhancing the provision of36
nutrients, reducing soil bulk density, and potentially increasing crop yields (Galinato et al., 2011;37
Kauffman et al., 2014; Dang et al., 2015). It is also used as a filter for liquid biowaste to bio-38
chemically as well as physically sorb nutrients before being applied to agricultural land (Maroušek39
et al., 2018). Producer gas has little economic value but can be used as an energy source during40
the pyrolysis process or to produce H2 gas needed for refining bio-oil (Yoder et al., 2011).41
Treating agricultural soils with biochar is of interest for three reasons: First, higher yields42
can potentially reduce the agricultural land required for crop production and hence, can decrease43
carbon emissions from avoided land-use change. We show that a higher crop yields in the U.S.44
does indeed reduce global land requirements. Second, it can improve the profitability of farming45
and enhance rural welfare depending on the expected yield increase and the prices of crops and46
biochar. Third, the combined production of biochar and bio-oil, which can be upgraded into liquid47
transportation fuels, can lead to carbon-negative energy production (Li et al., 2017). Carbon-48
negative energy production is achieved by attributing carbon credits for soil biochar applications49
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and avoided land-use change due to increased yields on treated cropland. Research has estimated50
that the required yield increase for carbon-neutral grain ethanol production is 5.98% for application51
of fast pyrolysis corn stover biochar (Kauffman et al., 2014). Although carbon-negative biofuel52
production is associated with major technological, economic, and agronomic uncertainties.53
Biochar prices depend on the location of the production sites which results in uncertainty (Bel-54
monte et al., 2018). Calculating the willingness-to-pay (WTP) for biochar instead has the advan-55
tage that it offers a benchmark to which a prevailing biomass price can be compared to. Cheap56
biochar can be produced from fermentation residues at European farms that operate biogas sta-57
tions for electricity production. Its quality is homogeneous during the whole year and pyrolysis58
is highly efficient since it is accelerated by waste heat from biogas combustion (Maroušek, 2014;59
Opatokun et al., 2016).60
There are currently no national financial incentives to reduce carbon emissions or to increase61
carbon sequestration in the U.S. and thus, potential yield improvements are the only economic62
incentive for farmers to apply biochar at this time. We quantify the expected yield and return63
increase as well as the supply of biochar feedstock (i.e., corn stover, switchgrass, and forest logging64
residues) in the United States. We then combine the results with a global agricultural outlook65
model to calculate the effects of increased crop yields in the U.S. on global land-use and emissions66
as well as the potential carbon credit payment to farmers. Carbon credits would lower the cost to67
farmers for biochar application. In general, biochar application results in plethora of other financial68
effects that are beyond the scope of this paper. For example, it reduces soil resistance to tillage69
which results in significant savings on diesel consumption (Maroušek et al., 2017). Biochar also70
serves as substitute for lower quality charcoals which could be sold for energy purposes (Lu and71
Hanandeh, 2019). Thus, there is a trade off for farmers to apply biochar to soils and improve soil72
quality in the long-run as opposed to selling it as a substitute for charcoal and obtain immediate73
benefits (Mardoyan and Braun, 2014; Vochozka et al., 2016).74
The contribution of our analysis to the biochar literature is two-fold: First, we calculate the75
WTP per ton of biochar using location-specific expected yield increase data under low and high76
commodity prices. Previous literature assessed biochar-induced yield increases, potential for car-77
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bon sequestration, and increase in financial returns at the regional level whereas our study covers78
the contiguous United States. We identify the locations by calculating the WTP, which are likely to79
apply biochar given its price. Second, we demonstrate that a biochar-induced crop yield increase80
in the U.S. of 1% leads to a reduction in global cropland. This demonstrates an important indirect81
effect of biochar as a GHG mitigation technology. For example, Brewer et al. (2016) review stud-82
ies based on the carbon sequestration potential and the reduction in GHG emissions after biochar83
application that are directly attributable to the plot of land receiving biochar. We extend this type84
of analysis to the indirect effects involving trade. To determine this indirect effect, the use of a85
global agricultural outlook model is required because the effect of commodity yield increases on86
crop area is determined by the magnitude of two opposing effects. First, the higher yield increases87
crop area because farmers benefit from the additional yield (and thus, higher financial returns) and88
expand crop area. Second, the negative relationship between price and quantity demanded limits89
the ability of this land expansion. Increasing yield and area leads to more supply which in turn90
decreases commodity prices. Thus, farmers have an incentive to decrease crop area. A global91
agricultural outlook model which solves for market-clearing conditions (e.g., where supply equals92
demand) taking into account both effects. Here we show that increasing yield in the United States93
also leads to more production and thus, lower commodity prices globally. This results in a reduc-94
tion of global land used for crop production and lower GHG emissions (Kauffman et al., 2014).95
Although there is currently no national carbon price and/or credit system, global agricultural land-96
use and GHG emissions are reduced due to a yield increase triggered by biochar application in the97
United States.98
In this article, we hypothesis that biochar can be produced in sufficient quantities from agri-99
cultural residues and switchgrass to have a significant impact on crop yields in the United States.100
In addition, the subsequent biochar application to U.S. agricultural soil reduces indirect emissions101
from global land-use change. Direct effects of biochar applications on soil carbon sequestration102
are not considered here, but have been previously considered (Roberts et al., 2009; Peters et al.,103
2015; Patel et al., 2016).104
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2 Materials and Methods105
In order to calculate the impact of biochar-induced yield increases on global land-use change and106
GHG emissions, we proceed as follows. First, we determine suitable areas for biochar application107
in the U.S. by calculating farmers’ crop and location-specific WTP in $ Mg−1. Second, we address108
the issue of biomass supply in order to produce biochar at the county-level in the United States.109
And third, we use a global agricultural outlook model to determine if the yield increase in the U.S.110
results in a decrease of global agricultural area and GHG emissions.111
2.1 Expected Yield Increase112
Complex interactions between crops, soil characteristics, and climate have resulted in significant113
variations in the estimates of yield responses to biochar applications (Biederman and Harpole,114
2013). Crane-Droesch et al. (2013) have conducted a meta-analysis using a database of 40 pub-115
lished studies to determine the effect of biochar applications on crop productivity. Our analysis116
is based on the work by Dokoohaki et al. (2019) who added an additional 63 studies that were117
published after 2013 to the existing database by Crane-Droesch et al. (2013). From all studies, soil118
characteristics (i.e., soil organic carbon, sand, silt, clay content, cation-exchange capacity, and soil119
pH value) and biochar characteristics (e.g., carbon content, nitrogen level, ash content, pH value,120
and pyrolysis temperature) were extracted. Soil nutrient levels such as nitrogen were not used121
because total nutrient content is a weak indicator for nutrient availability (Crane-Droesch et al.,122
2013). In a next step, a Bayesian network model was used to determine the effects of biochar123
Table 1: Chemical properties of biochar used for this analysis. For all the types of biochar, the
pyrolysis temperature was 500◦C.
Feedstock pH C (%) N (%) Ash (%) C:N
Corn Stover (fast pyrolysis) 8.4 52.4 0.46 37.0 134.4
Corn Stover (slow pyrolysis) 9.9 69.8 1.25 9.1 65.4
Switchgrass (slow pyrolysis) 9.9 71.0 0.88 15.2 94.1
Forestry residues (slow pyrolysis) 7.0 77.6 0.53 7.0 169.2
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application on the yield response ratio h, i.e., h = ln(yb/yc) where yb and yc are the yield with and124
without biochar application, respectively (Figure 1). The response ratio can then be transformed125
into a percentage change increase by calculating mk = (exp(hk) − 1) · 100 with mk and hk being the126
response ratio and percent yield increase for pixel k, respectively. Significant soil-related predic-127
tors of the response ratio are clay content, pH-value, cation-exchange capacity, and organic carbon128
content. Biochar characteristics that have a negative effect on the response ratio are carbon, ni-129
trogen, and the highest pyrolysis temperature. The yield response is statistically invariant to the130
nitrogen application rate, biochar ash content, and biochar pH value. There is also no significant131
relationship between the biochar feedstock and the crop type. For additional details, we refer the132
reader to the original paper by Dokoohaki et al. (2019).133
We use one fast pyrolysis and three slow pyrolysis biochar feedstocks from the Bayesian net-134
work model: (1) corn stover (fast pyrolysis), (2) corn stover (slow pyrolysis), (3) switchgrass (slow135
pyrolysis), and (4) forest residues (slow pyrolysis) (Table 1). The biochar yield from biomass136
conversion is assumed to be 0.32, 0.28, 0.31, and 0.28 for corn stover (fast and slow pyrolysis),137
switchgrass, and forestry residues biochar, respectively based on a pyrolysis temperature of 500◦C138
(Yoder et al., 2011). The Bayesian network model predicts location-specific yield responses across139
the U.S. for the six crops (i.e., groundnut, corn, rice, sorghum, soybeans, and wheat) by combin-140
ing data from the U.S. Department of Agriculture (USDA) National Agricultural Statistics Service141
(NASS) Cropland Data Layer (CDL) and location-specific soil properties from the Gridded Soil142
Survey Geographic (gSSURGO) database (USDA, 2016).143
2.2 Net Present Value Analysis144
To calculate the value of biochar for a farmer, we calculate the expected financial return from145
applying biochar to the soil and compare it with the financial return without biochar. The expected146
financial return with and without biochar application over 20 years is discounted to present time147
to obtain the net present value (NPV). Note that we assume biochar application only once in the148
first year but the benefits in terms of yield increase remain in effect over 20 years. The WTP per149


















Figure 1: Graphical representation of the Bayesian Network model with the variables influencing
the response ratio. Gray circles indicate biochar properties, blue circles indicate soil properties and
orange circles management options.
application. Crops included in the NPV analysis are corn, peanuts, rice, sorghum, soybeans, and151
wheat. The Bayesian network model calculates the yield increase for a given location based on the152
soil characteristics which are assumed to be identical for all six crops.153
In a first step, we obtain county-level yield data from the USDA NASS for the six crops for the154
period 1996 to 2017. For each crop and county, we fit a linear trend model that includes only time155
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Table 2: Lowest and highest commodity prices (2017 $ t−1) observed between 1996 and 2017.
Source: USDA NASS Quickstats
Commodity Corn Peanuts Rice Sorghum Soybeans Wheat
low 96.85 427.80 109.16 79.30 225.29 134.42
high 280.34 800.26 363.04 233.27 549.20 335.50
as the independent variable. Assuming linear growth in yields, i.e., a constant increase in Mg ha−1156
year−1 and a decreasing growth rate over time, is consistent with current observations (Grassini157
et al., 2013). Based on the linear model, we project the yield over the next 20 years. Because we158
do not observe yields at the sub-county level for the entire U.S., we assume the same base yield by159
crop throughout the county.160
In a second step, we calculate the minimum and maximum prices for each of the six commodi-
ties that were observed between 1996 and 2017 (Table 2). These lowest and highest crop prices
provide lower and upper bounds for our NPV estimates. We assume a discount rate of r = 5% and
constant commodity prices over the projection period. Thus, the NPV without biochar application




pi · yi jt
(1 + r)t
where pi represents the constant commodity price and yi jt is the expected yield in time t. As161
in Kauffman et al. (2014), we assume that the biochar application shifts the yield by a constant162
percentage over the projection period. Given the expected yield increase mk where k represents a163
particular pixel from the GIS data set and assuming a biochar application rate of 5 Mg ha −1 in the164
first year, we can calculate the WTP for grid cell k as follows: WT Pk = (mk · NPVno−biochari j )/5.165
2.3 Biochar Feedstock Availability166
In order to produce biochar, corn stover, switchgrass, and forest residues need to be supplied to167
the pyrolysis facility. The amount of biochar that is available for cropland depends on the harvest168
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decision of farmers with respect to corn stover and switchgrass. We use an economic simulation169
model for U.S. agriculture that calculates the crop allocation at the county level for corn, soybeans,170
wheat, and switchgrass as well as the harvest decision for corn stover by farmers. The model171
has been used previously to determine the location specific availability of agricultural residue and172
bioenergy crop (i.e., switchgrass and miscanthus) biomass (Dumortier, 2016; Dumortier et al.,173
2017). A detailed description of the model is covered in the referenced literature and hence, we174
limit ourselves to the basic outline of the model. The model does not include peanuts, sorghum,175
and rice which represent less than 5% of crop area of the six crops covered in our model in 2017.176
Commodity prices are endogenous to the model and are determined by aggregate supply and177
demand. To incentivize the production of biomass, a price per metric dry ton is imposed. Given178
the price for biomass, farmers decide how much area is allocated to corn, soybeans, wheat, and179
switchgrass. Corn stover is treated as a fifth crop in our analysis. That is, corn harvested from180
“regular” and from corn stover acreage satisfies the demand for corn from food, feed, and exports.181
Without any biomass price, area is only allocated to corn, soybeans, and wheat. The model is182
also able to calculate the effects on commodity prices from a change in land allocation in the U.S.183
as well as from higher yields. To assess our estimates at the county level, we also compare our184
estimates of biomass supply with estimates from the 2016 Billion-Ton study (U.S. DOE, 2016).185
The forest supply is treated separately from cropland (Dumortier, 2013). We assess the supply of186
logging residues not whole tree biomass. The residues considered are upland and lowland forest187
logging residues.188
2.4 Global Carbon Implications189
Although the paper analyzes the effects of biochar application on the financial returns to farmers,190
the important aspect of yield increases is the potential to reduce land conversion and thus, GHG191
emissions. To determine which effect dominates, we use an agricultural commodity model, i.e.,192
the CARD/FAPRI Model, to determine international land-use effects. The CARD/FAPRI Model193
projects global agricultural production over a period of 10-15 years by modeling major crops and194
livestock categories. The partial equilibrium model clears the international and domestic markets195
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for agricultural commodities by clearing the market, i.e., supply equaling demand for all commodi-196
ties. We quantify the effects of the yield increase on global crop production and land-use allocation197
using a baseline and a yield increase scenario. In particular, we assess the carbon balance changes198
on a global scale from increasing U.S. yields of corn, soybeans, and wheat by 1% above the trend199
yield. This yield increase is assumed to have been triggered by applying biochar to the U.S. crop200
area of the three aforementioned crops. The scenario run results in important insights with respect201
to model calibration and expected land-use change. The CARD/FAPRI Model has been used in202
previous policy analysis about biofuel policy (Searchinger et al., 2008; Dumortier et al., 2011;203
Elobeid et al., 2012; Carriquiry et al., 2019), trade policy (Elobeid and Tokgoz, 2008), and GHG204
policy (Dumortier et al., 2012).205
The CARD/FAPRI Model covers barley, maize, cotton, oats, palm kernel, groundnut, rapeseed,206
rice, rye, sorghum, soybeans, sugar beet, sugarcane, sunflower, and wheat in 58 countries and207
regions. Large agricultural producers such as Argentina, Brazil, China, Russia, and the U.S. are208
modeled at the country scale whereas smaller countries are grouped together by region, e.g., Other209
Asia or Other Africa. Due to its importance in terms of agricultural production and biomass/soil210
carbon content, Brazil is subdivided into six regions to better capture land-use dynamics. These211
better capture differences in agricultural productivity, production cost, and biomass/soil carbon212
content (Carriquiry et al., 2019). What sets the Brazil model apart from the rest of the countries213
and regions in the CARD/FAPRI model is that it explicitly calculates pasture as a function of crop214
and livestock returns. Pasture in the countries and regions other than Brazil is modeled ad-hoc as215
a function of the livestock herd size with a fixed stocking rate. The effect of biochar-induced yield216
increase is dampened by the fact that crop prices decline and thus, input cost of livestock products.217
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Figure 2: Median yield increase and expected willingness-to-pay (WTP $ Mg−1) under low and
high commodity prices for four biochar feedstocks.
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Figure 3: Median WTP $ Mg−1 for slow pyrolysis corn stover biochar. The spatial distribution
and values for the other feedstocks (i.e., fast pyrolysis biochar from corn stover and slow pyrolysis
biochar from switchgrass and wood) are similar.
3 Results and Discussion219
3.1 Expected Yield Increase220
The basis for our analysis of biochar-induced yield improvements in the U.S. is an agronomic221
model providing soil- and location-specific estimates of expected yield increase from applying222
biochar from corn stover (fast and slow pyrolysis), switchgrass (slow pyrolysis), and forestry223
residues (slow pyrolysis) to soils in the contiguous U.S. (Dokoohaki et al., 2019). Spatial vari-224
ations in median expected yield increases across the U.S. range from 2.5% (biochar from switch-225
grass) in North Dakota to 12.7% in New Jersey (Figure 2). The median predicted yield increase226
is generally lowest for biochar derived from switchgrass and highest for forestry residue biochar.227
Overall the largest biochar-induced yield increases were in the U.S. Southeast and the Northeast228
which are also regions that have limited cropland and low quality soils. Large corn, soybeans, and229
wheat producing states such as Iowa, Kansas, Illinois, and Indiana have simulated yield increases230
ranging from 3.8% to 6.0%.231
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3.2 Willingness-To-Pay for Biochar232
The expected yield increase obtained from the agronomic model is translated into farmers’ WTP233
for biochar (in $ Mg−1). The WTP is the per metric ton of biochar difference between the NPV234
from crop production with and without biochar application. We calculate the expected additional235
revenue due to biochar-induced higher yields over 20 years under low and high commodity prices236
for six crops, i.e., corn, peanuts, rice, sorghum, soybeans, and wheat (Figure 2). States that rank237
high in terms of expected yield increase may have lower crop yields resulting in a lower WTP238
for biochar because the additional yield — although high in terms of percent increase — does239
not translate into much additional revenue. For example, North Carolina and South Carolina have240
large percentage yield increases but are outperformed by Alabama, Georgia, and Florida in terms241
of WTP.242
In general, the highest WTP is observed in states along the Eastern seaboard (Figure 3). Also,243
eastern Mississippi and northeastern Louisiana have large areas in which farmers have a high WTP244
for biochar. Although farmers in Alabama, Georgia, and Florida would have a high WTP for245
biochar according to Figure 2, the total area on which biochar would be applied is very small246
because those states only have small areas of the six crops that are covered in this analysis.247
To better determine the percentage of crop area covered at various WTP values, we performed248
a kernel density estimation as well as calculating a cumulative distribution function (Figure 4). The249
kernel density estimation of the WTP for all six crops shows that for biochar prices of $238-$265250
Mg−1, 5% of crop area would be covered under low commodity prices. Under high commodity251
prices, biochar prices of $665-$747 Mg−1 would result in the same coverage. The lower bound252
of the price range for a given commodity price level is biochar obtained from switchgrass and the253
upper bound is for biochar produced from forest residues. To obtain a cropland coverage of 25%,254
biochar prices need to decrease to $146-$169 Mg−1 and $395-$453 Mg−1 under the low and high255
commodity price scenarios, respectively. Those numbers illustrate the importance of commodity256
prices which introduces 2.7-fold differences between the upper and lower bound for WTP for a257
given crop yield and biochar feedstock. Note that our WTP measure is based only on the expected258
yield increase over a 20 year period and does not take into account any change in management259
13






























































































































Figure 4: Kernel density estimation of willingness-to-pay (2017 $ Mg−1) for low and high com-
modity prices.
practice. Under the assumption that the costs associated with applying biochar to the field and260
any change in management practice are relatively comparable across the study area (e.g., national,261
state, and county), our results still indicate areas that are more likely to apply biochar. In that case,262
the WTP has to be corrected to take the additional cost of implementation into account which will263
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Figure 5: Percent of crop area for corn, peanuts, rice, sorghum, soybeans, and wheat treatable
under low and high biomass production cost and various biomass prices. If switchgrass is included
in the calculations besides either fast or slow pyrolysis corn stover, the percentage of area treatable
includes switchgrass and corn stover as biomass resources. Otherwise, only corn stover is included.
3.3 Biomass Supply265
We quantify the maximum annual area coverable with biochar knowing that not all cropland re-266
ceives biochar due to low profitability. The 2017 total area of the six crops evaluated in this study267
was 88.63 million hectares and we assume an application rate of 5 Mg ha−1. Corn stover, switch-268
grass, and forestry residue are used as biochar feedstock. Currently, only biochar from forestry269
residue is produced on a commercial scale and thus, a biomass price needs to be present to incen-270
tivize farmers to supply biomass for biochar production. We use an economic simulation model271
(Dumortier, 2016; Dumortier et al., 2017) to assess the regional supply of corn stover and switch-272
grass and the 2016 Billion-Ton Study (BTS) to quantify the supply of forestry residue (U.S. DOE,273
2016). The 2016 BTS and the older 2011 BTS (U.S. DOE, 2011) evaluate the availability of274
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biomass for bioenergy production from agricultural residues, forests, energy crops, and waste re-275
sources. Because of high transportation cost, biochar production and its application to cropland276
will in its initial technological diffusion stage most likely be a highly localized market which makes277
the location of feedstock supply and biochar demand an important aspect.278
There is significant uncertainty around biomass production from corn stover and switchgrass279
in the United States. To capture the wide range or parameter values, we differentiate our scenarios280
along four dimensions: (1) biomass production cost (high/low), (2) biomass price, (3) adoption of281
switchgrass, and (4) tillage (Figure 5). The 2011 BTS provides sustainable corn stover removal282
rates under reduced- and no-tillage but we also use revised removal rates from the 2016 BTS.283
Under high biomass production cost and a biomass price of $55 Mg−1, little biomass is avail-284
able and the maximum coverage is 0.4% of cropland using the revised removal coefficients from285
the 2016 BTS. At the price of 55 $ Mg−1 and low biomass production cost, an annual coverage286
of 12% can be achieved assuming that farmers remove corn stover at a rate consistent with the287
2011 BTS no-tillage removal coefficients. The biomass price increasing to $110 Mg−1 results in288
a large variation of the coverage ranging from 1.7 (1.91%) to 28.0 (31.7%) million hectares. The289
production of biomass is very sensitive with respect to the biomass production cost and the as-290
sumed removal coefficients. Figure 5 indicates that there are significant variations in the amount of291
biochar available to treat crop area at an application rate of 5 Mg ha−1. The most favorable outcome292
in terms of total annual area coverable by biochar is under the regime of supplying biomass from293
both, corn stover and switchgrass, under low biomass production cost and a high biomass price.294
As opposed to corn stover and switchgrass, the supply of forestry residue is not very sensitive295
to the price of biomass (U.S. DOE, 2016). We focus on lowland and upland forestry residue296
in the year 2025 at the state level. The supply of forestry residue is very inelastic with regard297
to biomass price and scenario (e.g., housing and energy demand) (U.S. DOE, 2016). Forestry298
residue are mostly available in the Southeast and Northeast as well as Minnesota, Wisconsin, and299
Michigan. Forestry residue are also available in the Pacific Northwest, although transportation cost300
to the closest cropland will probably eliminate any benefit from applying forestry residue biochar301
to agricultural soils in the Pacific Northwest. The area that can be covered with biochar produced302
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from forestry residue ranges from 0.41-0.42 million hectares per year depending on the biomass303
price ranging from $33-$110 per dry ton. Given the total area of the six crops, forestry residue area304
able to cover only 0.48% of crop area per year. This suggests that forestry residues alone would305
only be able to cover a small area likely concentrated in the U.S. Southeast.306
3.4 Greenhouse Gas Emissions307
In the previous sections, we focused on additional revenue for U.S. farmers resulting from applying308
biochar to soils. To evaluate the effect of higher commodity yields in the U.S. on global GHG309
emissions, we use the CARD/FAPRI agricultural outlook model to quantify the land-use effects310
of 1% higher yields for corn, soybeans, and wheat in the United States. As aforementioned, the311
CARD/FAPRI Model has been used in previous analysis on land-use change and GHG calculations312
(Dumortier et al., 2012; Carriquiry et al., 2019). The GHG component of the CARD/FAPRI Model313
also includes changes in pasture due to changes in the livestock sector.314
With the higher yields, the global land use is estimated to be only 0.06% lower compared to315
the baseline. The difference in area is approximately 0.47 million hectares. There are significant316
declines in crop area in Brazil (0.30%), Russia (0.16%), and Mexico (0.12%) whereas the reduction317
in the U.S. is only 0.06%. The reduction in Brazil is important due to the large areas that are318
situated in carbon rich environments. In Russia, there is a significant decrease in area for oats (-319
0.11%) and wheat (-0.26%). Wheat accounts for over 58% of agricultural area modeled for Russia320
in the CARD/FAPRI Model.321
The GHG emissions in the CARD/FAPRI Model are calculated for minimum, mean, and maxi-322
mum carbon coefficients. The reductions in emissions range from 25.09 to 68.56 Tg of CO2-e. The323
emission savings are slightly higher, i.e., 30.16 to 86.88 Tg of CO2-e, if only cropland is consid-324
ered. The higher yields results in a decrease in commodity prices and an expansion of the livestock325
sector which subsequently increases the amount of pasture used and hence, carbon emissions. To326
quantify how those emission savings translate into carbon payment for farmers in the U.S., we327
proceed as follows: Assuming that farmer’s with the highest WTP are the first to apply biochar, we328
calculate the minimum crop area necessary to achieve a yield increase by 1% at the national level.329
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Depending on the biochar feedstock and commodity prices, this area ranges from 9.27 to 10.53330
million hectares. If we assume that the carbon payments — from the reduction in emissions —331
would be distributed equally to farmers irrespective of their individual yield increase, then for ev-332
ery one dollar increase in carbon price (measured in CO2-e), farmers would receive between $2.40333
and $9.40 ha−1. For example, assuming a low carbon price of $10 Mg−1 CO2-e farmers would334
receive between $24 and $94 ha−1. Hence, carbon credit scheme could significantly increase the335
WTP for biochar.336
Our analysis is limited to biochar production in the U.S. but can be extended to other countries337
and regions as well. For example, Ji et al. (2018) find that biochar is the utilization of agricul-338
tural residues which yields higher profits and higher GHG reductions compared to briquette fuel339
and combined heat and power (CHP) systems. Calculating the potential yield increase in global340
agricultural soils based on the method presented in Dokoohaki et al. (2019) is beyond the scope341
of this paper but research suggests high yield increases in tropical soils. For example, Agegnehu342
et al. (2016) finds that organic amendments using biochar, compost, or a mixture of both can in-343
crease yields by 10%-29% in tropical Ferrasols. Similar findings of yield responsiveness to biochar344
in tropical soils is reported by Lychuk et al. (2015) and Jeffery et al. (2017). Based on soil pH,345
biochar feedstock type, and location, Jeffery et al. (2017) reports no yield response in temperate346
latitudes (i.e., above the 35th degree parallel) but 25% average yield increases in the tropics. This347
is generally consistent with our findings which shows the highest yield increase in Southeast U.S.348
states which are below the 35th degree parallel.349
Relevant to the research presented in this paper is the work of Woolf et al. (2010). They find that350
biochar has the potential to avoid up to 1.8 Pg of CO2-e annually. Those avoided emissions include351
avoided soil emissions from biomass decay, biochar as a soil amendment and subsequent carbon352
sequestration, as well as bioenergy production and avoided fossil fuel emissions. Their model353
does not include avoided emissions from land-use as presented in this paper. Although our current354
results represent 4.8% of the emissions reduction found by Woolf et al. (2010), this is only based355
on the indirect effects of avoided land-use change from a 1% increase in maize, soybeans, and356
wheat yield in the United States. As mentioned before, yield increases in the U.S. as well as other357
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countries (especially in the tropics) can be substantial and could potentially add significantly higher358
avoided GHG emissions. To curb GHG emissions globally over the next decades, a multitude of359
technologies is necessary and biochar is one of them. Previous research has shown that small360
changes in yields play a significant role in avoiding biomass and soil carbon emissions on a global361
scale Hertel et al. (2010); Dumortier et al. (2011). Adoption of biochar as a mitigation option needs362
to incorporate those avoided land-use emissions which are presented in this analysis to accurately363
assess emissions reductions.364
Lehmann et al. (2006) estimates the global potential of converting biomass carbon to biomass365
biochar. The slow pyrolysis process is more efficient at retaining carbon (estimated to be 50% of the366
initial carbon input) than slashing-and-burning it (3%) or leaving it for decomposition (maximum367
of 20%). Replacing slash-and-burn and using agricultural and forest residues could sequester368
carbon at a rate of 1.36 Pg CO2-e yr−1. This number does not include the effects of higher yields369
on a global scale as analyzed in this paper. Oliveira et al. (2017) provides a review about the370
environmental benefits of biochar on a global scale and cites a potential for storing carbon in371
biochar could result of emissions prevention of 0.1-0.3 Pg CO2-e yr−1. Given current availability372
of agricultural residues, Windeatt et al. (2014) estimates that 0.55 Pg CO2-e yr−1 can be sequestered373
in global soils long term. Those numbers do not include the 0.87 Pg CO2-e yr−1 we find from a 1%374
yield increase for maize, soybeans, and wheat in the United States.375
Our results can inform and supplement analysis that assess the sustainability of biochar sys-376
tems. This is particularly important if biochar application occurs within the context of bioenergy377
production (Rosen, 2018). Life-cycle analysis (LCA) of biochar is beyond the scope of this paper378
but previous research is plentiful (Roberts et al., 2009; Peters et al., 2015; Patel et al., 2016). Using379
biochar as either a substitute for coal in a power plant or as a soil amendment has been analyzed380
by Lu and Hanandeh (2019). They assess the life cycle emissions from bio-oil and biochar pro-381
duction. Their scenario produces (1) bio-oil from woody biomass to substitute heavy fuel oil in382
an industrial boiler and (2) biochar to be spread on corn fields. Their results in the highest reduc-383
tion in GHG emissions but with moderate effects on other environmental parameters. Pröll and384
Zerobin (2019) investigate biomass combined heat and power (CHP) with various carbon capture385
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approaches. They find that CHP with carbon capture and storage outperforms CHP with biochar386
as carbon negative emission technology. They attribute this result to the unreleased energy in the387
biochar case. However, their analysis does not include the use of biochar in soils for the various388
benefits mentioned above. Munoz et al. (2017) find that the climate change mitigation aspect of389
biochar is the most important among other aspects such as human toxicity, freshwater eutrophica-390
tion, and fossil fuel depletion. Results indicate a reduction in GHG emissions of 2.74 Mg CO2-e391
Mg−1 of biochar from forest residues applied to soils.392
Maroušek et al. (2017) highlights potential economic and policy barriers as well. As of April393
2015, the biochar price was approximately $250 Mg−1 which meets farmers’ WTP of approxi-394
mately 10%-50% of U.S. cropland according to our analysis. Besides the economic aspects, the395
authors also mention the policy framework which does not allow biochar to be applied in certain396
regions of the world (e.g., European Union) due to uncertainty about the long-run effects of biochar397
in the soil and the irreversibility of its application.398
4 Conclusion and Future Prospects399
There are a variety of climate change mitigation technologies and biochar can potentially con-400
tribute to dampen the effect of land-use change and increase carbon sequestration in the soil while401
enhancing the financial returns from crop production for farmers. In addition, biochar increases402
soil nutrient and water holding capacity. Predicting the adoption of biochar by farmers is chal-403
lenging because its profitability depends on the soil characteristics, crop and biochar prices, and404
availability of biochar itself. For our biochar analysis, we focus on the expected yield increase of405
corn, peanuts, rice, sorghum, soybeans, and wheat. The three feedstocks considered for biochar406
production are corn stover, switchgrass, and wood biomass. We quantify the additional financial407
returns from biochar application due to higher yields which represents a tangible benefit for farm-408
ers. Currently, biochar is not applied to U.S. soils at a large scale and we hypothesize that its initial409
application will be from sources close to the fields where it is applied. Biochar application in the410
Corn Belt is less likely than in the U.S. Southeast and Northeast of the United States. Although411
corn stover is abundant in the Midwest, the expected yield increase and the resulting financial re-412
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turn are not as high as in the U.S. Southeast. The regions of the U.S. in which farmers have a high413
WTP for biochar coincides with area that have an abundance of woody biomass, i.e., the South-414
east and Northeast. Thus, those areas are characterized by a “spatial match” where farmers have a415
high WTP in addition to sufficient resources. We show that carbon payments for avoided land-use416
change can significantly reduce the cost of biochar application. Future research should also focus417
on the transportation logistics of biochar from the biomass source to the field where it is applied.418
This article offers insights into the economic aspects of biochar application and more research is419
necessary to evaluate all aspects of its application. Our analysis shows that U.S. biochar production420
and application can lead to a reduction of emissions from indirect land-use change. We hypothesis421
that those results are not unique to U.S. biochar but would lead to similar results globally of land422
sparing.423
Given the methods and results of our analysis, there is need for additional research. First,424
the modelling of yield response to biochar application using the Bayesian network model – on425
which our analysis is based – needs to be expanded from the U.S. to other major agricultural426
producers. Especially countries which have large areas of cropland in the tropics such as Brazil427
and southern parts of China. Previous research presents evidence that biochar applied to cropland428
in the tropics results in significant yield increases. Thus, an expansion of the Bayesian Network429
model could lead to a better understanding of the locations that provide the highest benefit in terms430
of expected yield increase and financial returns. This can help to increase the effectiveness and431
efficiency of biochar application and policy aimed at its promotion. The extension of the model is432
independent of the indirect land-use change effects because it promotes soil health, higher yields,433
and financial benefits to farmers. Second, the supply of biochar feedstock such as crop residues434
and/or energy crops needs to be evaluated in countries other than the United States. There has435
been plentiful research on biofuel feedstock supply but the location of a bioenergy production436
facility can be chosen whereas the optimal location of biochar application is fixed assuming that437
it is largely soil and climate dependent. Transportation costs may play a role in developing a438
large-scale biochar industry. The advantage of biochar application to cropland is its longevity, i.e.,439
that remains in the soil for decades. And third, biochar production in conjunction with bioenergy440
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production and its associated lifecycle emissions need to be evaluated. Biochar application has441
direct benefits in terms of soil health and higher yields but as demonstrated in this analysis, can442
have important indirect effects in terms of avoided land-use and avoided GHG emissions. We443
hypothesize that those effects could potentially be very large because even small increases in yields444
reduce the need for more cropland. Third, future research needs to look at the context in which445
biochar is produced. As mentioned before, there are various energy-producing pathways which446
result in biochar production and an evaluation in terms of sustainability (including production,447
transportation, and use) is required to ensure long-term environmental and economic viability as a448
climate change mitigation tool.449
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• Yield increases of 2.5%-12.7% above baseline from biochar application to cropland 
• Crop prices are main determinant for willingness-to-pay for biochar   
• Biochar adoption likely in the Southeast and Northeast due to high willingness-to-pay 
• Reduction in global crop area due to biochar-induced higher crop yields in the U.S. 
• Potential for significant carbon credits for avoided indirect land-use change 
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